Research in toxicology can be divided into 2 major areasthe scientific approach to find the exact site and mode of action of toxic chemicals and the applied approach to protect plants, animals and humans from the harmful effects of perceived or identified toxins. Accordingly, the methodologies used should match the purpose of the investigation. For the scientific studies, we must keep the number of variables as small and as constant as possible to assure exact conditions for repeated experimentations, to evaluate the results without too many confounding variables and to explain the results scientifically as cleanly as possible. Thus, animals are fed select diets, are alone in a cage for better observation, and are housed under constant optimal conditions in light, temperature and humidity controlled rooms which are kept meticulously clean and noise minimized. This indeed removes and minimizes many variables and allows for more exact biological interpretations. For the applied approach, the animals should be kept under the same or similar conditions for which we would like to evaluate and extrapolate the occurrence and intensity of certain toxic effects. This includes consideration of many variables such as different diets, personal habits, environmental conditions, social changes, daily stresses, diseases, ages and others. Unfortunately, we still evaluate chemicals for these purposes in the laboratory under strictly scientific conditions and then extrapolate these data, for instance, to humans who eat different, often insufficient or unhealthy diets, who are exposed to different light conditions and temperatures, who live in housing conditions ranging from clean to dirty, who ingest simultaneously other chemicals such as drugs, alcohol and food preservatives and who are constantly stressed by a wide variety of physical, environmental, social, professional and personal stressors.
The question arises now whether all of the abovementioned and other variables can indeed influence toxicological safety evaluations. If not, such variables can then, indeed, be omitted. If they do, they must be considered and included in such applied studies to optimize our predictions.
In the following, I would like to focus on just one of these variablesstress. And I would like to show that physical or emotional stress can indeed affect toxicological studies and, thus, can markedly change our extrapolations and safety evaluations in either direction
Stressor-stress-health consequences
At one time, stress was considered a fixed response of an individual caused by a stressful situation or stressor. Stressors can vary and can be physical (e.g. cold temperatures) or psychological (e.g. death of a loved one) as well as external (e.g. loss of a job) or internal (e.g. pain). Stress would manifest itself as behavioural changes (e.g. anxiety, tension, fear), physiological changes (e.g. tachycardia, sweating) and/or biochemical changes (e.g. increases in adren-.
alin, corticosterone/cortisol). Intense or chronic stress would then lead to the well-known stress diseases (e.g. ulcer, headache, hypertension).
While the definitions used above are still valid, their causes and relationships have changed drastically.3-6 Today, the following series of events is postulated. A specific stimulus is perceived by the individual and evaluated as to its relevance and intensity. If relevant, the brain searches for coping mechanisms. If the proper coping mechanisms are found by an individual, the homeostasis of the organism will remain unchanged, no stress will occur and the event will not become a stressor.
However, if an individual who lacks the proper coping skills is faced with the same stimulus, stress will occur and will identify this stimulus as a stressor for this particular individual. Thus, stress is a highly individualized response which is determined by genetic and environmental sources and which makes generalizations quite difficult. During animal experimentation, it can be seen that the stress response of rats will vary markedly among strains but also among members of the same strain. . The identical immobilization procedure caused a minimal but consistent adrenalin stress response of about 30 ng ml-1 X 30 min.'~8 To make things worse, the occurrence of stressrelated health consequences is also quite individualized and will vary from individual to individual.
In general, it can be said that a healthy organism can endure stress for quite a while without experiencing significant diseases. However, if an organ vulnerability existsa weak link -then stress will cause pathological changes in this organ. Hamsters with healthy hearts develop cardiac problems only slowly if exposed to chronic stress whereas hamsters with a tendency to develop myopathy do so much faster when exposed to the same stressor.9 Stress related diseases are relatively organ-specific. A survey of 2000 patients with a diagnosis of a stress-related disease showed that 87% had only one diagnosis, e.g. only ulcer, only hypertension, only headache or only depression (unpublished observation).
Thus, stress and the occurrence of stress-related diseases are highly individualized. We are responsible for our own stress experiences and, thus, create our own stressful life events or stressors and cause our own stress-related diseases. 'Stress is in the brain of the beholder'.
These considerations can have great implications for proper and optimal animal husbandry. At present, we evalute the best conditions of our experimental animals from our point of viewwhich might or might not be correct. Conditions best for the animal can only be judged by the animal itself. Here, measurement of specific stress chemicals under different housing conditions over time can then easily tell us the circumstances which are restful or stressful to the animal.
The effects of stress on the kinetics and dynamics of a chemical . As outlined above, stress is defined as a change in the existing biology of the animal and human body including major changes in the biochemistry, behaviour and physiology of the individual. In addition, the experience of stress can lead to 'unhealthy' habits such as overeating and the use of tobacco or alcohol all of which have been shown to affect various biochemical processes and to cause organ damage of their own.10,11 Thus, stress changes the ordinary biological background which now modulates the fate and the action of chemicals. All these differences between the resting and stressed organisms can change the kinetics and dynamics of a chemical, can cause or abolish certain toxicological and pathological actions and can seriously affect our safety evaluations and predictions. Examples of how stress can affect the kinetic and dynamic mechanisms are provided in the following paragraphs.
Changes in gastrointestinal secretion and motility can affect the stability and absorption of a chemical. Alteration in blood flow with vasoconstriction in some and vasodilation in other tissues affect the distribution of a chemical, such as its metabolism in the liver, excretion in the kidney and movements to certain target organs. Rats exposed to different stressful conditions, such as isolation, water deprivation and noise, showed impaired (up to 40%) oxidative metabolism of xenobiotics.12 Plasma levels of amphetamine after oral application to rats rise within 15 min to 2.2 ng ml-1 in resting but to only 0.5 ng ml-1 in stressed rats; similarly, the levels of the major metabolite of amphetamine at this time are 4.1 ng ml-1 in resting but only 1.2 ng ml-1 in stressed rats. 13 But even mild stressors, conditions we might consider to be not stressful or even 'pleasant' for the animal, such as gentle handling and stroking, can cause significant differences.
Amikacin administration to rats which were handled resulted in a serum half-life of the drug of 17.4 min as opposed to a serum half-life of 27.0 min in rats which were not handled.14 Many experiments are started in the morning when animals are sleeping and, thus, must be awakened; plasma levels 1 hour after 5 mg of diazepam were 200 ng ml-1 in the morning but only 75 ng ml-1 in the evening when animals are awake.15 Environmental temperature changes can affect the distribution of a chemical; a dose of 20 mg kg-1 of methadone causes blood levels of 1.2 pg ml-1 at 18 °C but levels of 2.1 pg ml-1 at 29 °C. 16 Thus, stress can alter many parameters of the pharmacokinetic profile of a chemical leading to enhanced or reduced toxicity of specific chemical.
Biochemical changes as they occur during stress can also modulate the toxic actions of a chemical.
Marked stress-induced increases in plasma catecholamines can affect the metabolism and proliferation of certain cells making them more or less vulnerable to the action of certain chemicals.17
High doses of the sympathomimetic drug isoproterenol are known to cause cardiac damage; cardiac damage by this chemical is markedly increased during stress since the heart is now exposed not only to isoproterenol but also to markedly increased levels of adrenalin.18 Increases in steroid levels are known to suppress the immune system resulting in decreased tumour cell surveillance and increased carcinogenic action of a chemical. 19 In contrast, stress-induced rises in endorphines have been shown to stimulate the immune system and reduce tumour induction, growth and spread; these effects are probably caused by stimulation of T-cell responses and NK cell activities by the peptides.2o Immobilization of rats for 3 h reduced T lymphocyte proliferation by 74% and NK cytotoxicity by 59%. 21 Mitogen-induced lymphocyte proliferation was suppressed in 63% of off-springs who were separated from their mother. 22 These effects can sometimes be biphasic. Brief electric foot shock or immobilization first increases circulating leucocytes by almost 50%, perhaps due to increased levels in corticosterone. 21.z3 Thus, stress can markedly affect cellular metabolism and the state of the immune system which, in turn, can affect the toxic and carcinogenic actions of a particular chemical. Chemicals, or their respective metabolites, eventually interact with specific receptors in the target tissues to produce their toxic effects. Here, stress has been shown to change the affinity and/or number of some of these binding sites. The affinity of ethanol, which is quite high for opioid receptors in the resting animal, is markedly reduced during periods of stress, perhaps as a result of stressinduced structural changes.24 The stress of different housing conditions ranging from isolation to group housing has been shown to drastically alter the serotonin receptors in the brain; number of receptors was reduced by 66% in isolated animals.25 Immobilization of rats selectively induced interleukin-1 beta RNA in the hypothalamus.26 Thus, changes in the synthesis, half-lives and/or structure of specific receptors during stress can increase or decrease the toxin-receptor interaction and modulate the toxic effects of particular chemicals.
Stress can also influence the life-style and habits of individuals in such a way that altered behaviour now affects the body and, in turn, toxicological investigations and interpretations. Stress can cause an individual to over-eat or to smoke or drink alcohol excessively. In the first case, it has been shown that the general health, occurrence of tumours and longevity are strongly dependent on diet and weight. Mice with a high caloric intake showed more spontaneous tumours and DMBAinduced tumours grew faster in rats on a high fat diet as compared to rats on a low fat diet.27,28 In the second case, smoking and alcohol can both cause organ damage (e.g. lung or liver) and cancer per se and confound the action of carcinogenes. 29.30 Stress not only causes transient changes in an organism but can actually cause long-lasting, permanent changes, in particular, if stress is experienced in utero or early in life. Pregnant mice exposed to restraint stress had a 50% reduction in pregnancy rates and the same decrease in the average litter size. 31 Pregnant rats subjected to daily handling delivered off-springs which had lower norepinephrine levels in the hypothalamus (551±50 ng g-1) as compared to control animals (757±92 ng g-1) even 2 months later.32 Pregnant hamsters exposed to aggressive conspecific interactions showed not only reduced litter size (about 35%) but also produced fewer males and more females (male:female ratio of controls 0.5±0.03 and of stressed animals 0.39±0.04).33 It has even been claimed that stress effects can extend into the next pregnancy; foot shock exposed pregnant rats delivered off-springs with higher corticosterone levels (0.6±0.01 gm The most widely studied effects of stress are the immediate impacts of a stress experience on the toxicity of a chemical or the toxicological effects of a chemical in a stressed animal. Stress conditions vary and can range from physical to psychological (cold exposure or foot shock to fear in a novel environment or an environment in which the animal had an unpleasant experience); from mild to severe (handling or petting vs immobilization); from acute to chronic (restraint for a few minutes to hours or several days); from obvious to unrecognized (excessive noise in the room vs changing the housing condition from group to individual housing or vice versa as done frequently during experimentation).
Triorthotolyl phosphate causes significantly more neurotoxicity in chickens if the animals are exposed to a stressful situation; during stress both the clinical score of toxicity and the heterophil/lymphocyte ratio doubled.36,37 Carbon tetrachloride alone does not cause a significant rise in plasma glutamate transaminase activity in resting animals indicative ' ' of no major hepatic effects; however, the administration of this chemical in stressed animals causes 12-fold increases in the levels of this enzyme, indicative of significant liver damage.38 Gastric intubation of DMBA to female Fischer rats caused mammary tumours after 15 weeks (about 12%) which was more than doubled (to about 27%) when the animals were restrained daily for 30 min during this time. 19, 40 However, stress need not always be detrimental and can even be beneficial to the organism. Administration of DMBA for 5 weeks to resting rats caused, after 9 weeks, a tumour incidence of about 90% and tumour weight of about 6 g whereas daily restraint for 3 h over these 9 weeks reduced both values to about 70% and about 2.7 g.41 These effects were only seen after chronic stress but were not observed after one single stress exposure. The availability of coping strategies as mentioned before can reduce or abolish the occurrence of stress. Dieldrin causes no or few escape deficits in animals which were exposed to foot shocks but given the opportunity to terminate these noxious stimuli (control latency 5 s; after dieldrin 6 s); however, the same number of inescapable foot shocks caused significant deficits (control latency 5 s; after dieldrin 18 
S).42
Stress caused by obvious stressors such as foot shock or restraint is perhaps easily conceived by most to produce significant biological changes and to affect toxicological experimentations. However, conditions to be perceived as strictly scientific, such as isolation of the animals for better observation or gentle handling for adaptation purposes, can also affect the toxicological investigation. Rats from the same batch were housed under different social conditions in the same room: in stable groups of three after weaning, in isolation after weaning and in groups of three after weaning but switched to isolation at the beginning of the experiment. During this experiment, DMBA was administered and the development of tumours was observed. At sacrifice after identical times, tumour weights in these three groups were about 4.7, 0.7 and 13.9 g, respectively. This is an almost 20 fold difference in tumour weights solely due to the social condition used in the experiment.43 While social conditions played a minor role in the toxicity of pentylenetetrazole (lethal doses were 290 mg kg-I for isolated and 265 mg kg-1 for group-housed mice), the lethality of methamphetamine was markedly affected by these conditions (lethal doses were 232 mg kg-, for isolated and 34 mg kg-1 for group-housed mice). This is an almost 7 fold difference. 44 Housing the animals in different cage sizes can influence toxicity due to social pressures; a dose of 15 mg kg-1 killed about 12% of mice kept 5 per cage measuring 2.5 X 19 cm but 27% when kept 5 per cage measuring 12.5 X 19 cm and 55% when 10 animals were kept in the smaller cage.45
Environmental conditions such as air pressure or humidity can similarly act as stressors and influence the outcome of toxicological investigations. The LD50 of morphine in mice kept at 19 °C is about 510 mg kg-1 whereas this value is reduced to 390 mg kg-1 at a temperature of 29 °C. 46 Methioninesulfoxim at a dose of 200 mg kg-1 induces convulsions in 10% of mice at an air pressure of 40 kPa but in 90% of the animals at a pressure of 100 KPa. 47 Mortality in rats after amphetamine injection was 13% at sea level but 47% at a height of about 3500 m. 48 The LD50 of nicotine in rats at a humidity of 60% was 92 mg kg-1 but was reduced to 83 mg kg-1 by an increase in humidity to 80%. 48 Disease, trauma, severe physical injury or surgery must also be considered significant physical and/or psychological stressors leading to major biological changes in the body and, possibly, altering the toxic effects of a chemical. While we use healthy animals in our studies, results are often extrapolated to humans who are sick or physically hurt. The induction of intestinal carcinoma by dimethylaminobiphenyl is minimal in rats which are pathogen-free but substantial if kept under standard conditions; here, bacteria participate in the carcinogenic action of the chemical. 48 Laparotomy and surgery in animals increased markedly their plasma levels of epinephrine and corticosterone, significantly impaired NK cell activity and increased their risk of developing tumours after tumour cell injection (71% lung metastases in surgically manipulated animals as compared to only 38% in the control group).49,so The carcinogenic properties of nnitrosodiethylamine were enhanced in rats which had been subjected to a partial pancreatectomy 10 weeks before the experiment; this chemical does not cause hepatic tumour in healthy animals at low doses but caused malignant hepatic tumour in 64 out of 70 surgically manipulated animals.51 Rats with experimentally damaged nasal mucosa were exposed to formaldehyde and showed significantly more squamous cell carcinomas than animals with a healthy, undamaged nasal mucosa.52 Animals with experimentally induced liver hyperplasia showed more carcinogenic changes in response to a carcinogen than animals with healthy livers. 52 These results bear great importance for all individuals who are seriously ill, injured and undergo surgical procedures at one time or another. Their responses might not be predictable from studies in healthy animals.
In addition to the immediate effects, stress can also cause the aforementioned long-lasting effects which can outlast the acute experience by long periods of time and manifest itself in the future. Digitalis toxicity is markedly influenced by a stress exposure; a dose of 175 mg oubain killed 9% of a control group of guinea pigs but 50% in a group which was acutely restrained. However, if the animals had been stressed prior to administration of oubain, 0% of the animals died.53,54 A oubain infusion of 2.2 mg kg-, min-1 caused no significant bradycardia in resting rabbits but a significant drop in heart rate was seen in animals exposed to a signal which previously was followed by an electric shock (about 230 beat/min before signal and 170 beats/min after signal).54 Prior immobilization of rats for a 4 h period caused these animals to be less sensitive to the lethal effects of a subsequent toxic dose of tetracaine; this dose killed 6 of 12 nonstressed control rats but had no effect on animals which had been stressed 28 days earlier and allowed to live stress-free until the tetracaine challenge.55 Immobilization of pregnant rats caused their offsprings to show different responses to caffeine at age 3 months; 10 mg kg-, of caffeine caused an escape latency of 13 s in nonstressed rats but a latency of 20 s in the rats exposed to stress in utero. 56 Diazepam given to pregnant rats caused deficits in maze-learning of their off-springs (about 4/15 vs 7/15 in the control group); however, the drug restored learning to normal in off-springs of stressed rats (1/15 off-springs of stressed rats vs 7/15 off-springs of diazepam/stressed rats; the latter is similar to control values of 7/15). 35 These last examples show that effects of stress can originate quite early and can be detected much later on in life.
Thus, stress. can indeed affect toxicological experiments either immediately or long after the stress experience has ceased to exist. Such effects could very well be responsible for different results obtained at different times under 'identical' conditions with 2 batches of rats from the same supplier environmental conditions might have changed in the breeding farm or severe stress might have been experienced during shipping which is not reversed by the traditional few days of acclimation. Conditions in the animal rooms altered during the experiments, too subtle for us to notice but markedly enough for the animal, could be another reason for such discrepancies. When adult rats of the same age were ordered by us from the same supplier, weight differences of up to 100 g were noted. Similarly, when adult rats of the same weight were ordered, differences in age of up to 2.5 weeks were given. It was explained by the breeder that rats are raised in different group sizes, different cages and different locations which all would affect growth. All of these conditions are stressful to the animals; the differences in weights are proof since stressed rats lose weight quickly. Under these circumstances, we will still see gross effects of chemicals on the organism (e.g. a large enough dose of a chemical will cause 100% mortality in rats kept under all conditions) but we might easily miss or misinterpret more subtle actions (e.g. exact lethal doses or marginal carcinogenic actions).
Conclusion .
Stress is a highly individualized response of an organism to external or internal challenges which the individual cannot control or can control only with difficulty. This response manifests itself in significant biological changes which usually occur quickly and also disappear rapidly, but can sometimes persist for long periods of time even after stress has ceased to exist. These biological changes can lead to stress-related diseases in the presence of specific organ vulnerabilities. Stress induced biological changes in the organism may not, but can, significantly influence the toxicokinetic and/or toxicodynamic aspects of certain chemicals. The stress effect can then lead to either attenuation or exacerbation of the toxic effects.
At present, little is known about the biochemical and molecular mechanisms by which stressinduced changes affect the action of chemicals or by which the effects of toxins are modified in the stressed organisms. These actions can be very general in that the kinetics of various chemicals are altered in the body leading to different metabolites or levels of the offending agent at the site of action. They can involve the action of general systems in the body in that stress-induced changes of the immune system can increase or decrease the cellu-. lar damage caused by carcinogenic chemicals. On the other hand, the effects can be dynamically highly selective in that changes of only one specific receptor type will affect the action of only one or a few chemicals. The lack of detailed knowledge stems mostly from the fact that research concentrates either on stress-induced changes in an organism or on toxicological investigations in a healthy animal. However, comparisons and correlations between both areas of investigations can be dangerous and research must be conducted simultaneouslymeasuring the stress-induced changes in the animals at the same time in which the toxicological investigation is being conducted. Under these circumstances, acute stress reactions and their after-effects will lose their nuisance as unwelcome, confounding variables and will become valuable tools in the hands of the toxicologist. They can be helpful in elucidating the exact mode of action of a toxin by comparing the toxicological effects with specific stress-induced changes in certain biochemicals or receptor types and in evaluating the safety or hazards of certain chemicals under more realistic conditions to the benefit of all of us 'stressed' individuals.
